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SUMMARY 


The  aim  of  this  memorandum  is  to  outline  the  results  of  work 
carried  out  at  RSRE  to  develop  a  compact  frequency-stable  CO2 
laser.  This  work  has  resulted  in  the  production  of  a  simple, 
highly  compact  device  (165  x  80  x  50  mm)  having  a  1.5  MW,  35  ns 
output  pulse  which  is  both  inter  and  intra-pulse  frequency-stable 
to  within  3  MHz. 


Accession  For  t 

NTIS  GRAM 
DTIC  TAB 
Unannounced 
Justificatic 

*3 

□ 

>n 

By 

Distr 

Aval 

i  but ion/ 

lability  Codes  / 

Dist 

M 

Avail 

Spec 

and/or  /  > 
ial  ( 

Copyright 

C 

Controller  HMSO  London 
1984 


*.  \ 


UHLiHiTED 

RSRE  MEMORANDUM 

A  COMPACT  FREQUENCY-STABLE  PULSED  CO2  LASER 
D  L  Jordan,  R  C  Hollins 


LIST  OF  CONTENTS 


1  Introduction 

2  Short  Cavity  Laser 

3  Conclusions 

4  Acknowledgements 
References 

Table  I.  Causes  of  frequency  drift  in  atmospheric-pressure  CO2  TEA  Lasers 


1  INTRODUCTION 

Existing  direct  detection  pulsed  CO2  laser  rangefinders  exploit  the  high 
output  power,  short  pulse  duration  and  ruggedness  of  compact  TEA  lasers.  The 
technology  of  such  devices  is  well  developed  and  they  can  be  purchased  from 
British  Industry.  For  typical  output  powers  (1-2  MW)  and  weather  conditions, 
the  range  Is  limited  to  ~  5  km.  For  various  applications  such  as  ground  to 
air  and  naval  use,  somewhat  longer  ranges  (~  12  km)  are  required.  Coherent 
detection  offers  a  possible  route  to  obtaining  the  required  range  enhancement 
whilst  still  maintaining  a  compact  laser. 

In  order  that  the  heterodyne  beat  signal  can  be  detected  within  a  narrow 
frequency  bandwidth,  with  consequent  low  noise  levels,  frequency  stability  Is 
required  In  both  the  pulsed  laser  transmitter  and  the  C/W  local  oscillator 
reference  source.  The  laser  pulse  length  required  depends  upon  the  envisaged 
application.  For  rangefinding,  the  short  cavity  TEA  laser  described  In  this 
memorandum  Is  undoubtedly  the  best  option,  having  the  shortest  pulse  length 
(35  ns),  the  highest  peak  power,  the  widest  tuning  range  and  being  the  simplest 
and  most  compact  of  all  the  frequency  stable  laser  options.  In  situations 
where  extremely  acccurate  doppler  information  Is  required,  hybrid  lasers  having 
a  pulse  length  of  ~  2  ps  would  be  preferred.  Between  these  two  extremes,  a 
whole  range  of  device  options,  including  an  extended  pulse-length  version  of 
the  laser  described  here.  Is  possible.  These  other  options  will  be  described 
in  a  future  memorandum.  Irrespective  of  which  type  of  laser  Is  required.  It 
Is  necessary  in  a  narrowband  system  to  operate  on  a  single  transverse  and  axial 
mode,  and  also  to  keep  the  mode  frequency  constant  to  within  a  few  MHz,  the 
actual  stability  required  depending  upon  the  application. 

2  SHORT  CAVITY  LASER 

The  10.6  pm  (28  THz)  P(20)  transition  In  the  10.6  pm  band  (00*1-10*0),  on 
which  TEA  lasers  which  do  not  contain  a  line  selecting  element  oscillate,  has  a 
gain  -  bandwidth  of  ~  4.5  GHz  at  one  atmosphere.  A  conceptually  simple  tech¬ 
nique  of  ensuring  single  axial  mode  operation  is  to  make  the  laser  resonator 
sufficiently  short  that  when  one  axial  mode  is  at  the  centre  of  the  gain  curve, 
the  others  are  sufficiently  well  separated  In  frequency  that  they  are  below 
threshold. 
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We  have  carried  out  measurements  on  two  different  length  UV-pre-ionlsed 
TEA  lasers(l).  Both  devices  used  a  transverse  discharge  of  area  115  x  20  mm^ 
across  an  11  aa  gap  between  Rogowskl-prof lied  electrodes.  The  discharges  were 
driven  from  a  30  kV,  10  nF  storage  capacitor  via  a  peaking  capacitor.  A  one 
ataosphere  gas  mix  ((X>2:N2:He  “  2:1:2)  was  used.  The  cavity  lengths  of  the 
two  lasers  were  165  ma  and  225  aa.  In  each  case  a  plane  -  plane  resonator  with 
an  85Z  reflectivity  output  airror  was  used,  and  the  fully  reflecting  mirror  was 
aounted  on  a  piezoelectric  length  transducer  to  allow  the  longitudinal  modes  to 
be  finely  tuned  across  the  gain  curve  of  the  medium.  An  lntracavlty  Iris  was 
used  to  define  the  resonator  radius.  Figure  1  shows  a  picture  of  the  smaller 
laser;  It  was  built  around  a  165  x  80  x  50  mo  envelope  of  ultra-low-expansion 
silica  for  thermal  stability.  Both  lasers  Invariably  operated  on  the  P(20) 
line  without  any  attempt  at  line  control. 

The  axial  aode  structure  of  the  lasers  was  analysed  by  observing  the  beat 
notes  of  the  modes  of  the  TEA  laser  (auch  attenuated)  with  a  stable  C/W  laser 
using  a  sensitive  wide  bandwidth  HgCdTe  detector.  Besides  the  beat  note  corres¬ 
ponding  to  the  aajor  TEA  laser  axial  mode,  a  weak  secondary  mode  Is  usually 
detectable  In  the  Fourier  transform  of  the  heterodyne  signal  (Figure  2).  The 
relative  amplitudes  of  the  competing  modes  can  be  measured  at  each  frequency  of 
operation  from  the  Fourier  transforms  and  a  set  of  results  for  the  165  mm  laser 
Is  shown  In  Figure  3.  The  results  given  In  this  figure  show  a  large  pulse-to- 
pulse  scatter  In  the  mode  ratios;  this  Is  due  to  statistical  fluctuations  In 
the  number  of  photons  (~  5)  In  the  two  modes  at  lasing  threshold.  In  the 
presence  of  severe  fluctuations  In  relative  mode  Intensity,  a  narrowband  laser 
radar  transmitter,  which  Is  required  to  emit  most  of  Its  output  energy  In  a 
mode  of  known  frequency,  must  be  designed  to  achieve  a  high  average  mode  Inten¬ 
sity  ratio  (say  100:1).  If  this  is  not  done,  then  a  considerable  proportion  of 
the  pulses  of  the  laser  will  display  little  power  on  the  desired  mode  and  this, 
in  a  radar  system,  greatly  Increases  the  probability  of  missed  signals.  However, 
If  the  laser  16  sufficiently  short  an  average  mode  Intensity  ratio  of  100:1  Is 
readily  achievable;  Figure  3  shows  that  the  average  mode  Intensity  ratio,  which 
Is  the  square  of  the  amplitude  ratio,  for  the  short  laser  Is  greater  than  100:1 
even  for  a  frequency  offset  of  the  principal  mode  from  line  centre  of  300  MHz, 
corresponding  to  a  third  of  the  axial  mode  spacing.  The  need  for  a  high  average 
mode  intensity  ratio  does  however  limit  the  length  scalability  of  this  type  of 
laser,  unless  the  added  complexity  of  an  Injection  locked  system  In  which  the 
TEA  laser  Is  locked  to  a  frequency  stable  Injection  source  Is  used.  Hollins  and 
Jordan^2)  have  shown  that  the  gain-switched  spike  mode  Intensity  ratio  (Ij/^) 
scales  with  laser  length  L  as 


where  A  Is  a  slowly  varying  function  of  the  other  parameters;  the  output  energy 
scales  with  L.  These  considerations  lead  to  a  maximum-usable  laser  length 
(whilst  still  keeping  Ij/l2  >  100:1)  of  ~  26  cm. 

All  TEA  lasers  used  in  direct  detection  systems  use  an  lntracavlty  8.5  mm 
diameter  Iris  to  give  what  Is  generally  referred  to  as  a  single  transverse  mode 
(TEMqo)  output.  In  fact  they  do  not,  a  typical  photon  drag  recording  from  a 
225  mm  single  axial  mode  TEA  laser  containing  an  8.5  mm  diameter  iris  is  shown 
In  Figure  4.  A  pronounced  modulation  of  ~  20  MHz  In  the  output  pulse  due  to  the 
mode  beating  between  the  TEMqq  mode  and  a  higher  order  TEMjq  mode'^  is  seen, 
the  effect  being  most  pronounced  In  the  tall  of  the  pulse.  There  Is,  In  fact. 
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a  wide  range  of  aperture  diameters  (6-8.5  mm  for  the  short  laser,  7-8.5  mm  for 
the  longer  laser)  for  which  transverse  mode  beating  was  not  detectable  even 
using  heterodyne  detection  during  the  gain-switched  spike,  but  readily  observ¬ 
able  in  the  tail  of  the  pulse.  However,  for  rangefinding  applications  the  gain- 
switched  spike  is  the  only  part  of  the  output  pulse  of  interest,  and  so  it  is 
only  necessary  to  design  the  laser  to  be  single  transverse  mode  in  the  spike. 
Hollins  and  Jordan^2)  show  that  the  transverse  mode  intensity  ratio  scales 
according  to 


where  B  is  a  slowly  varying  function  of  the  laser  parameters.  The  pulse  energy 
also  scales  sharply  with  resonator  radius  a,  principally  because  the  mode  area 
is  proportional  to  a2. 

Combining  the  scaling  laws  for  both  axial  and  transverse  modes  indicates 
that  TEA  lasers  could  be  scaled  to  an  average  mode  purity  of  100:1  in  the  gain- 
switched  spike  at  a  cavity  length  of  around  26  cm  and  an  iris  diameter  of 
-  9  mm;  the  output  energy  in  the  gain-switched  spike  would  be  AO  mJ.  This  is 
comparable  with  existing  TEA  lasers  used  for  direct  detection  rangefinding. 

The  actual  frequency  stability  of  the  laser  within  a  pulse  has  been 
measured  by  mixing  its  output  with  a  low  pressure  C/W  laser  actively  stabilised 
to  the  centre  of  the  P(20)  line.  By  de-tuning  the  TEA  laser  up  to  A50  MHz  from 
the  centre  of  the  gain  curve,  the  frequency  within  the  gain-switched  spike  was 
found  to  be  constant  to  within  3  MHz  (measurement  limited).  However,  a  nearly 
parabolic  increase  in  TEA  laser  frequency  with  time  (chirp)  occurs  during  the 
tail  of  the  pulse,  amounting  to  ~  12  MHz  over  1.5  ys.  This  is  shown  in  Figure  5, 
which  shows  the  beat  frequency  f  as  a  function  of  elapsed  time  from  the  start  of 
the  gain-switched  spike  (when  the  frequency  is  f0)  for  a  large  number  of  separate 
pulses  using  beat  frequencies  from  10-50  MHz.  This  is  a  non-resonant  effect 
independent  of  the  tuning  of  the  laser,  and  is  explained  by  a  model  based  upon 
a  laser— induced  medium  perturbation^^.  The  solid  line  is  a  theoretical  curve 
using  the  theory  of  Ref  (A).  Preferential  heating  of  the  gas  within  the  mode 
volume  causes  a  pressure  gradient  which  forces  gas  out  of  this  region  during 
the  tail  of  the  pulse.  The  resulting  refractive  index  change  causes  the 
frequency  chirp;  the  delay  between  the  gain-switched  spike  and  the  onset  of  the 
chirp  is  due  to  gas  kinetics  effects.  The  chirp  in  the  tail  of  the  pulse  does 
not  however  affect  the  suitability  of  the  laser  for  rangefinding  applications, 
which  only  use  the  gain-switched  spike.  A  method  of  eliminating  such  chirps  in 
pulsed  lasers  has  recently  been  described  by  Hollins  and  Jordan^). 

The  pulse-to-pulse  frequency  stability  is  also  of  considerable  importance. 
The  random  shot-to-shot  scatter  in  the  laser  gain-switched  spike  frequency  is 
only  of  order  1  MHz.  Unfortunately  this  may  be  superimposed  upon  an  undesirable 
systematic  beat  frequency  drift.  The  sources  of  these  drifts  are  shown  in  Table 
1,  which  is  taken  from  Ref  (6).  These  results  were  obtained  by  observing  changes 
in  beat  frequency  over  about  100  pulses  taken  at  30  sec  intervals;  the  laser 
enclosure  was  deliberately  heated  to  observe  the  effects  of  temperature  changes. 
The  best  achieved  thermal  stabilities  are  +5  MHz/*C  using  flowing  gas  and 
-16  MHz/*C  for  a  sealed  device.  This  performance  is  limited  by  expansion  of  the 
cavity  structure,  and  also  by  thermal  expansion  of  the  gas  in  the  case  of  the 
unsealed  devices.  These  values  could  be  considerably  improved,  and  in  theory 
temperature  induced  frequency  drifts  almost  eliminated  by  the  judicious  use  of 
the  correct  materials  and  construction  techniques.  Any  residual  drift  in  the 


laser  frequency  can  be  removed  using  a  simple  active  stabilisation  scheme. 

Figure  S  shows  the  measured  beat  frequency  as  a  function  of  time  for  the  laser 
operating  at  about  0.5  Hz  with  active  stabilisation.  Using  this  system  the 
laser  frequency  can  be  confined  indefinitely  to  within  ±  2  MHz. 

3  CONCLUSIONS 

In  this  memorandum  we  have  described  how  a  compact  TEA  laser  having  a  suit- 
table  pulse  length,  output  energy  and  frequency  stability  for  pulsed  coherent 
detection  may  be  constructed.  It  uses  existing  well  developed  TEA  laser  techno¬ 
logy  and  could  undoubtedly  be  readily  produced  by  British  industry  at  very  little 
extra  cost  than  existing  compact  direct  detection  lasers.  In  combination  with  a 
small  (<  100  mm)  frequency  stable  waveguide  local  oscillator  (the  technology  of 
which  is  also  well  developed)  it  would  form  an  extremely  powerful  and  compact 
rangefinder  and  would  undoubtedly  significantly  Increase  the  existing  direct 
detection  ranging  distance. 

Although  we  have  not  studied  the  frequency  behaviour  of  high  pulse  repeti¬ 
tion  frequency  lasers,  the  technology  of  highly  compact  100  Hz  long  life  sealed- 
off  TEA  lasers,  which  was  pioneered  in  this  division O )  is  now  available  in 
industry.  He  feel  that  the  marrying  of  this  frequency  stable  laser  work,  to  the 
100  Hz  sealed  laser  work  could  be  readily  carried  out  in  industry  and  should  be 
urgently  pursued.  We  also  at  present  have  a  world  lead  in  both  compact  frequency 
stable  lasers  and  compact  sealed  high  prf  devices.  The  combining  of  these  leads 
would  give  the  UK  a  commanding  position  in  this  important  area. 

A  future  memorandum  will  deal  with  the  signal  processing  aspects, 
including  the  effects  of  speckle  and  multi-pulse  averaging  of  return  signals, 
and  give  estimates  of  laser  output  energies  and  prf’s  needed  for  likely 
scenarios. 
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TABLE  I 


CAUSES  OF  FREQUENCY  DRIFT  IN  ATMOSPHERIC-PRESSURE  CO 2  TEA  LASERS 


Effect 


Magnitude  of  Frequency  Drift 


Changes  In  Cavity  Length 


Thermal  expansion  of  cavity  material: 


glass 

-140 

MHz/*C 

ule  silica  . 

-0.8 

MHz/*C 

expoxles  and  other  Incidental  materials 

-10 

MHz/*C 

Thermal  expansion  of  tuning  element: 

blmorph 

~100 

MHz/*C 

pzt  tube 

-  5 

MHz/*C 

Changes  in  Gas  Refractive  Index 

Thermal  expansion: 

Unsealed  laser 
Sealed  laser 

Gas  composition  changes: 

Leakage  of  helium  0-*  -5  MHz/minute 

Discharge  dissociation  of  CO2  ~0.1  MHz /shot 


+20  MHz/#C 
I  MHz/°C 


FREQUENCY  (  MHz) 


FIG.2.  FOURIER  TRANSFORMS  OF  BEAT  NOTES 
OBTAINED  AT  DIFFERENT  FREQUENCY 
OFFSETS  OF  THE  PRINCIPAL  TEA  LASER 
MODE  FROM  LINE  CENTRE.  ( CAVITY  LENGTH 
165mm;  LONGITUDINAL  MODE  SPACING, 

909  MHz) 


(SECONDARY  MODE  AMPLITUDE/ PRIMARY 
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FIG. 3  RELATIVE  AMPLITUDES  OF  PRIMARY 

AND  SECONDARY  LONGITUDINAL  MODES 
VERSUS  FREQUENCY  DISPLACEMENT  OF 
PRIMARY  LONGITUDINAL  MODE  FROM 
LINE  CENTRE. 
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FIG.  4.  PHOTON  DRAG  RECORDING  (CAVITY  LENGTH, 
225mm;  IRIS  DIAMETER,  8,5mm  ) 


FIG.  6.  SHOT -TO- SHOT  FREQUENCY  STABILITY 
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a  1.5  MW,  35  ns  output  pulse  which  is  both  inter  and  intra-pulse  frequency- 
stable  to  within  3  MHz. 
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